Abstract: Understanding the Maxam-Gilbert and Sanger sequencing as the first generation, in recent years there has been an explosion of newly-developed sequencing strategies, which are usually referred to as next generation sequencing (NGS) techniques. NGS techniques have high-throughputs and produce thousands or even millions of sequences at the same time. These sequences allow for the accurate identification of microbial taxa, including uncultivable organisms and those present in small numbers. In specific applications, NGS provides a complete inventory of all microbial operons and genes present or being expressed under different study conditions. NGS techniques are revolutionizing the field of microbial ecology and have recently been used to examine several food ecosystems. After a short introduction to the most common NGS systems and platforms, this review addresses how NGS techniques have been employed in the study of food microbiota and food fermentations, and discusses their limits and perspectives. The most important findings are reviewed, including those made in the study of the microbiota of milk, fermented dairy products, and plant-, meat-and fishderived fermented foods. The knowledge that can be gained on microbial diversity, population structure and population dynamics via the use of these technologies could be vital in improving the monitoring and manipulation of foods and fermented food products. They should also improve their safety.
GENERAL INTRODUCTION
Foods harbor complex microbial communities composed of viruses, bacteria and fungi. Some of these microorganisms are of technological importance and invest foods with desirable sensorial (organoleptic and rheological) characteristics [1] . However, undesirable microorganisms may also be present; these can reduce the quality of foods (spoilage microorganisms) or even negatively affect their safety (pathogens) [2] .
The traditional way of determining the composition of food-associated microbiotas has been through culturing methods. These relay on the isolation and cultivation of microorganisms before their identification and typing. However, it has been repeatedly shown that culturing is unreliable for the complete microbial characterization of many ecosystems, including those of foods [3] . The selective isolation of microorganisms may require unknown growth factors and/or growth conditions present in natural habitats that are not reproduced by laboratory media. Foods may also have a low pH, a reduced a w , or have to be kept under harsh storage *Address correspondence to this author at the Departamento de Microbiología y Bioquímica, Instituto de Productos Lácteos de Asturias (IPLA-CSIC), Paseo Río Linares s/n, 33300-Villaviciosa, Asturias, Spain; Tel: +34985892131; Fax: +34985892233; E-mail: baltasar.mayo@ipla.csic.es conditions, etc., which might leave microbes in a physiologically viable but not cultivable state. Moreover, microbes present in low numbers can be outcompeted by numerically more abundant species, impeding their detection in culture. Such limitations lead these techniques to underestimate microbial diversity, and sometimes even the failure to detect the majority microbial groups [4] . Over recent decades, a great number of culture-independent, molecular methods have been developed that help overcome these problems; most of which have been used extensively in food systems (for reviews see [5, 6] ). These techniques allow the identification and, in some cases, quantification of food-associated microbial groups, and provide sensitive and rapid methods for determining the composition and diversity of complex microbial communities.
Culture-independent techniques are mostly based on the analysis of microbial nucleic acid sequences (DNA and/or RNA). Most rely on the amplification of these nucleic acids by the polymerase chain reaction (PCR) technique. The majority of amplification techniques target the rRNA genes (rDNA). Comparing the sequences obtained to one another, and to those held in databases, allows phylogenetic relationships between microbes to be established. Cultureindependent, PCR-based techniques include denaturing gradient gel electrophoresis (DGGE), temporal temperature gradient gel electrophoresis (TTGE), single stranded con-formation polymorphism (SSCP), real-time quantitative PCR (qPCR), the construction and analysis of 16S rRNA gene libraries, terminal restriction fragment length polymorphism (TRFLP), and a few others [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Of these, DGGE (qualitative/semiquantitative analysis) and qPCR (quantitative analysis) have been widely used to microbiologically characterize food environments and to analyze the course of food fermentations [reviewed in 2, 6] . Changes in microbial populations furnish useful information regarding the dynamics of food fermentation, the monitoring of the growth of starter and adjunct cultures, and the fate of pathogen and spoiling microorganisms. A number of new microbial types with no cultured relatives -and occasionally of potential technological interest-have also been detected using these techniques.
NGS techniques have promoted the emergence of new, high-throughput technologies, such as genomics, metagenomics, transcriptomics and metatranscriptomics, etc. As compared to previous culture-independent methods, the number of nucleic acid sequences analyzed by NGS techniques is exceedingly higher, allowing a deeper description of the microbial constituents of the ecosystems. These technologies can be used in two substantially different ways: sequencing the total microbial nucleic acids (shotgun sequencing) and gene-specific sequencing (targeted sequencing). For the latter, segments of highly conserved DNA or cDNA sequences are first amplified by PCR using universal or group-specific primers. Shotgun sequencing returns information far beyond that regarding phylogenetic composition, providing insights into the number and potential function of genes within the community [17, 18] . Both shotgun and targeted techniques have already been used to study the microbiology of a series of foods and food fermentations, and pertinent reviews have recently been compiled [18] [19] [20] [21] . However, research in this area is so active that findings must be continually reviewed, and the current and potential applications of these constantly updated.
NGS PLATFORMS
NGS platforms involve many different technologies [22] all of which generate large, genome-scale datasets. However, they differ substantially in terms of their engineering, sequencing chemistry, output (length of reads, number of sequences), accuracy and cost. Current commercial platforms include the 454 (Roche), Illumina (Illumina), SOLiD and Ion Torrent (Life Technologies), and PacBio (Pacific Biosciences) systems. Comparisons of their advantages and disadvantages have recently been published [23, 24] . Many other 'third-generation' techniques, such as DNA nanoball sequencing, heliscope single molecule sequencing, nanopore DNA sequencing, tunneling current DNA sequencing, sequencing with mass spectrometry, and microscopy-based techniques, are currently under development [25] .
The Roche 454 Pyrosequencer
The NGS era started with the release of the first arraybased 454 pyrosequencing system by Roche in 2004 [26] . In this system, double stranded DNA fragments are ligated to specific adaptors, diluted, and immobilized on tiny beads (one molecule per bead). The attached DNA is copied millions of times by PCR, with one of the primers biotinylated, in an oil-water emulsion. The beads are then housed in separate picotiter-size wells, in which the non-biotinylated strand is denatured and washed away. The plate array consists of approximately one million wells, and independent sequencing reactions occur within each. After the addition of the sequencing primer, the pyrosequencing reaction proceeds via DNA synthesis using single stranded DNA molecules as templates [27] . The sequencer runs the A, T, C and G nucleotide building blocks -one type at a time -over the wells. When a nucleotide is incorporated, pyrophosphate is released and converted into ATP, which fuels a coupled luciferinluciferease reaction producing light (the intensity proportional to the number of incorporated nucleotides). Light is recorded by a camera, and the unincorporated nucleotides degraded enzymatically. At present, 454 pyrosequencers offer reads longer than 1000 bp, with a high sequence output (1 megabase (Mb) in the case of the 454 GS FLX+ system). Difficulties in sequencing homopolymer stretches and the rather high cost per Mb are the main weaknesses of the 454 platform.
The Illumina Platform
The technology used by this platform was first released by Solexa in 2006, a company later purchased by Illumina. In this method, primers with specific adaptors complementary to those on the DNA are attached to a slide. Individual DNA molecules are locally amplified by PCR so that clonal DNA clusters remain attached to the primers on the slide forming bridge-like structures. Sequencing proceeds by synthesis, using primers complementary to adaptors and four types of reversibly-blocked terminator nucleotides (RTnucleotides). Non-incorporated RT-nucleotides are washed away. The dye, along with the terminal 3' blocker, is then chemically removed from the DNA, allowing for incorporation and detection, and for the next sequencing cycle to begin [28] . Unlike in pyrosequencing, DNA chains are extended one nucleotide at a time. The method only uses DNA polymerase as opposed to multiple, expensive enzymes required by other techniques. Additionally, image acquisition can be delayed from nucleotide incorporation, allowing for very large arrays of DNA clusters to be captured by sequential images taken by a single camera. Currently, the Illumina platform generates typical reads of 150-300 bp that can be increased to 300-600 bp via "paired-end" sequencing (i.e., sequencing both ends of the same DNA cluster). The reduced price for the high output of sequences per run (up to 3000 Mb for the HiSeq) is the greatest advantage of this technology.
The SOLiD System
The first SOLiD (Sequencing by Oligonucleotide Ligation and Detection) sequencer was released in 2007 by Life Technologies. True to its name, and unlike any other technology, the SOLiD technique carries out sequencing by ligation instead of synthesis [29] . DNA fragments are ligated to a universal adapter, and then attached to a magnetic bead. After emulsion PCR, the resulting amplicons attached to the beads are bound covalently to a glass slide. A set of four fluorescently-labeled di-nucleotide probes compete for ligation to the sequencing primer (complementary to the adaptor). Following a series of cycles of probe ligation, dye cleavage and detection, the extension product is removed and the template reset with a primer complementary to the n-1 position for a second round of ligation. Sequencing by ligation is very accurate (99.99%) since ligases make fewer mistakes than polymerases. However, the maximum-length reads obtained with SOLiD measure just 75 bp, insufficient for most metagenomic studies. This also makes the assembly of the sequences a very challenging task. SOLiD has uses in whole genome resequencing, targeted sequencing, and transcriptome research.
Ion Torrent
The Ion Torrent Company (now acquired by Life Technologies) released its first sequencer based on semiconductor technology in 2010. As in other methods, sequencing is performed via the synthesis of a complementary strand, but detection is based on the hydrogen ions released during DNA polymerization; the number of releases is proportional to the number of incorporated nucleotides [30] . This sequencing technology differs from others in that no modified nucleotides or optics are used. After library construction and emulsion PCR, microwells containing single template pools of the DNA to be sequenced are flooded in turn with single nucleotide species. The Ion Torrent sequencer can generate up to 4 Mb in 7 h at a moderate cost per Mb. The length of the reads has risen in recent years up to 400 bp. This technology is less accurate (98%) than others, but is useful in small studies, such as the sequencing of microbial genomes and targeted metagenomics.
PacBio SMRT
The PacBio platform, marketed in 2010 by Pacific Biosciences, uses single molecule real-time (SMRT) sequencing technology. As in other methods, sequencing is based on synthesis, using nucleotides labeled with distinct fluorescent dyes, but sequencing proceeds without the need for prior PCR amplification. The single stranded DNA molecules to be sequenced are deposited in zeptoliter wells, where a single polymerase molecule is immobilized [31] . The wells are constructed in such a way that only the fluorescence occurring at the bottom of the well is detected. The fluorescent label is detached from the nucleotide during its incorporation into the DNA strand. Theoretically, large DNA molecules (up to 30 kb) can be sequenced by this technology. The latest protocols have improved the average read length to over 7 kb. However, the low output obtained with this platform (0.05 Mb per run) is a major shortcoming, rendering it unsuitable for large sequencing projects. Nevertheless, its high accuracy can be exploited for sequencing difficult DNA regions and for genome scaffolding in metagenomic studies.
EXAMINING THE MICROBIAL ECOLOGY OF FOODS BY NGS
Attempts to characterize whole community profiles of traditional fermented foods were first performed using rDNA amplification, cloning, sequencing and sequence analysis [12, [32] [33] [34] . These methods are now being replaced by highthroughput NGS techniques. Targeted techniques provide a snapshot of the diversity and phylogeny of the different elements making up microbial populations. The term phylobiome has been introduced recently to refer to the phylogenetic information gathered using this approach [35] . In addition, shotgun techniques inform on the genetics and functional capabilities of the microbial constituents of food ecosystems. NGS is not only contributing towards the study of food microbial ecology but also to the genome sequencing of food-borne microorganisms. Food microbial genomics has already established pivotal connections between phenotype, genotype and environmental adaptations. However, this topic falls beyond the subject of this review.
Workflow, Pitfalls and Care
The NGS analysis of nucleic acids from food samples requires a series of steps, each of which must be optimized: nucleic acid extraction and purification, library construction, sequencing and analysis of the raw sequences using computer software, and the searching of different databases (Fig.  1) . These steps are discussed below. NGS techniques have further witnessed the appearance and spreading of a myriad of molecular microbiological terms ( Table 1) , to which food microbiologists were unfamiliar until recently.
Nucleic Acid Extraction and Purification
In microbial studies, the handling and storage of food samples is critical. Rapid processing is always recommendable, and all preparations and conditions that might alter the original proportion of microbial cells should be avoided. Food systems are almost always heterogeneous. Thus, strategies must be carefully designed to ensure that samples are representative of the different conditions found in the food, and that sufficient homogenization is obtained. Incomplete cell lysis, and therefore inadequate DNA extraction, can also provide unrealistic views of a food microbial community. This can be avoided by performing supplementary lysis steps to improve extraction efficiency, e.g., via the combination of enzymatic and mechanical treatments [36] . Further, some food components, such as lipids and proteins, may inhibit PCR amplification. These compounds must be removed during nucleic acid extraction [37] . Extracting the same sample multiple times and making a final pool can further minimize the bias associated with single extractions.
Quality control and nucleic acid quantification are vital in any sample preparation method. Accurate quantification is preferentially achieved via the use of fluorometers [36, 38] . The amount and quality of DNA required from a food sample for total DNA sequencing (shotgun metagenomics) is usually higher than that needed for gene-specific sequencing (targeted metagenomics).
In foods, it is of great importance to distinguish between viable, active and inactive cells. Dead cells may contribute to the DNA pool which will be further processed. Though persistence of RNA molecules in dead cells from foods has yet to be addressed adequately, the use of NGS techniques with cDNA, produced by reverse transcription from RNA, focuses on active microbial populations, thus avoiding these problems [39, 40] . In metatranscriptomic studies, interest focuses on the non-ribosomal fraction, which includes mRNA, micro-RNA, tRNA and other non-coding RNAs [36] . However, the majority of total RNA corresponds to rRNA, which may account for >90% of the reads obtained Denoising Quality processing applied to 16S rDNA reads, correcting the "noise" (errors) artificially generated during sequencing Diversity estimators e.i. Shannon -Estimate the diversity, taking into account the number of species and how even they are distributed OTU Operational taxonomic unit. A cluster of sequences within a given similarity cut-off (e.g. 3%, which is usually utilized to define bacterial species by 16S rDNA)
Sequencing trimming Processing of sequencing reads, which includes the removal of primers and barcodes, deletion of a given sequence region and elimination of low quality and very short reads Phylogenetic assignment Assignment of each sequence or OTU to its known closest relative organism Rarefaction curve Curve representing the richness of the sample according to the number of sequences. The shape of the curve reflects the sample diversity Richness estimators OTU, Ace, Chao1 -Estimate the number of species (or genus, orders etc.) in a given sample by different methods [41, 42] . Indeed, in RNA-based studies, sample preparation remains an active area of investigation; the recovery and enrichment of high quality mRNA, its short half-life, and the selective removal of rRNA, are all challenges that must be adequately met [35, 43, 44] . Alternatively, complex communities can be 'enriched' in viable cells via the use of propidium monoazide (PMA) or ethidium monoazide (EMA) prior to DNA extraction. These compounds enter cells with damaged membranes, intercalate into the double strand of DNA and form covalent linkages upon exposure to intense light, thus preventing subsequent PCR amplification [45] . The effectiveness of these azides has been tested in the microbial analysis of water samples [45] .
FOOD SAMPLE

Molecular Target
The target sequence should be long enough to contain nucleotide heterogeneity that distinguishes between organisms [46] . Hypervariable regions within the 16S rRNA gene are commonly chosen for the assessment of taxonomic bacterial and archaeal diversity [47] [48] [49] [50] [51] [52] . Primers, however, should be designed in well-conserved, universal regions to cover most (if not all) of the microorganisms present in the sample [53] [54] [55] . This is a difficult task, but online resources devoted to primer design (such as Primer Prospector [56] ) are already available. Primer design on 16S rRNA genes should also avoid homology between prokaryotic and eukaryotic sequences, or between prokaryotic and eukaryotic organelle sequences. Design is also important because the taxonomic information provided by different regions of the 16S rRNA gene varies widely. Moreover, targeting specific microbial groups may require the amplification of specific hypervariable regions [46] . For instance, Bokulich et al. [48] showed the V4 domain to be more appropriate than the V5 domain for wine ecology studies since it provided greater taxonomic resolution for lactic acid bacteria (LAB) communities. Furthermore, some closely related species cannot be truly differentiated by 16S rDNA sequences [57, 58] . The preferential amplification of sequences from certain microbial types (due to different gene lengths and/or GC contents) is always a danger [46, 58] . A further problem associated with the amplification of ribosomal genes is the operon copy number, which varies widely across taxa, distorting quantitative diversity estimates [59] , as well as the intraspecies 16S rRNA gene heterogeneity found in natural populations [60] . Single-copy target genes, such as rpoB recA, radA, rpoA, gyrB and others have therefore been proposed as alternatives [57, [59] [60] [61] [62] . However, the absence of well-represented databases for comparison is an important limiting factor in their widespread use [18] . Finally, the use of state-of-the-art, high-fidelity polymerases is recommended to reduce error rates. This can also help prevent base-calling errors and chimera formation, common problems associated with PCR [63] .
Several molecular target genes have already been used to track fungal communities. The most commonly used have been the 18S, 28S and the intergenic regions of rDNA [64] . Well established primers and databases are described in the literature [65] . However, they cannot be used to determine with confidence the phylogeny of fungi at the species level [64, 66] . Therefore, when this level of discrimination is required, primers targeting the ITS regions are more appropriate [66, 67] . However, these sorts of primer do not align with guarantee across genetically distant taxa [68] .
Library Construction
In the context of NGS, the library is the entire number of fragments to be sequenced. The total number of sequences obtained is known as the coverage, and besides specificity is key variable that must be considered for the characterization of any ecosystem [46] . Library construction includes the joining of platform-specific adaptors and sample-specific identifiers to double stranded DNA fragments. A key difference in library construction for total nucleic acid sequencing (shotgun metagenomics) and gene-specific sequencing (targeted metagenomics) is the latter's need for the prior PCRamplification of conserved DNA or cDNA sequences. For targeted metagenomics, platform-specific adaptors are designed as part of the PCR primers, resulting in template molecules ready to be sequenced. The multiplexing of several samples is possible if short sample-specific DNA sequences known as barcodes, tags or multiplex-identifiers (MIDs) are used [69] . These are also designed as part of the PCR primers. Normalized mixtures of the amplicons should be made prior to sequencing, thus ensuring that each amplicon is adequately represented in the sequencing reaction [36, 70] . In shotgun sequencing, DNA amplification is not necessary (except when only tiny amounts of DNA are available) [71] ; amplification of total environmental DNA is obtained via the use of Phi29 DNA polymerase [72] . Since no amplification is required, shotgun metagenomics avoids the inherent bias of PCR-based techniques. The preparation of the shotgun library commonly starts by fragmenting the DNA using mechanical force. An attractive alternative is digestion by restriction enzymes [36] . In either case, platform-specific adaptors are then ligated to the resulting DNA fragments. Barcodes can also be included as part of the adaptors, thus allowing multiplexing in shotgun sequencing projects.
Data Analysis
High-quality read length and abundance are key factors to achieve accurate taxonomy assignment and diversity assessment. In targeted metagenomics, reads are generally clustered into operational taxonomic units (OTUs) (Fig. 2) based on the similarities of the reads themselves (similaritybased approach), or by taxonomic assignment (composition approach method), i.e., classifying the reads at different taxonomic levels (phylum, class, order, family, or genus) based on the similarities of the sequences with those in a database. Both approaches are currently used and produce similar results [73] . Taxonomic assignment has the advantage of providing information about the relationship of the reads with known microbial groups; this helps in ecological and/or functional interpretations. Additionally, it allows for comparisons between different studies, even when sequences come from different regions of the marker gene (rDNA, for example). The ribosomal database (RDP) [74] , Silva [75] and Greengenes projects [76] provide updated databases for the small (16S and 18S) and large (23S and 28S) subunits of rDNA sequences. Besides, the UNITE database focuses mainly on ITS sequences from eukaryotes [77] . In the absence of a consensus definition of genetic species, as a rule of thumb, rDNA sequences sharing a 95% of identity are considered to belong to the same genus, and sequences sharing 97% or higher identity are considered to belong to the same species. These percentages are considered for the full rRNA gene molecule; therefore, lower resolution could actually be achieved by analyzing shorter reads. When working with other phylogenetic markers (like rpoB, gyrG, recA, etc.) and functional genes (such as those coding for antibiotic resistance, biodegradation activities, etc.) others databases such as the FunGene (http://fungene.cme.msu.edu) should be used. Finally, web tools, such as RAST [78] and MG-RAST [79] provide databases designed to help in the interpretation of genomic and metagenomic data, respectively. All these databases have user-friendly web-based pipelines and are good options for users with little bioinformatic training. However, all analyses are pre-formatted, do not allow for customization, and provide poor quality controls. Moreover, a vast majority of microbial types from some ecosystems have never been characterized or classified into taxonomic groups. Thus, there is a lack of representative organisms at several taxonomic levels that limits any taxonomic assignment approach [80] .
An alternative and very common way to analyze sequencing information is that based on the genetic similarity between reads. In this way, the diversity of the sample can be measured as the number of different OTUs; this is represented by the clusters constructed at a given level of sequence dissimilarity (normally at 1-3% for bacteria). This approach is advantageous when dealing with complex communities in which most of the microorganisms cannot be classified [80] . However, it provides no information about "who is there", thus limiting the interpretation of the data. Some of the more recent bioinformatic tools that integrate the taxonomic-dependent and -independent approaches, offer several means of customizing analyses, and provide high quality data, which can easily be presented in comprehensive tables and didactic graphs (Fig. 2) . The most popular software programs are Mothur [81] and QIMME [82] , both of which are freely distributed and come with manuals and data analysis examples. These programs are periodically updated, improving analytical options as new concepts arise. Initial bioinformatic concerns were restricted to the verification of primer and barcode sequences, fragment length, and sequence quality. However, other control steps are now required, including noise removal [83] , the detection of chimeric sequences, procedures for preclustering, and the exclusion of singletons [84] [85] [86] . Control steps facilitate downstream analysis and interpretation of the data, but they are usually platform-specific and need to be independently addressed [87] .
Another promising method of NGS data analysis relies on the link between community phylogeny and functionality. Based on a large number of genome and metagenomic datasets available at the IMG database (https://img.jgi. doe.gov/cgi-bin/w/main.cgi), the PICRUSt software is able to infer the number of genes shared by different microbial taxa. This program provides information on the phenotypic relationships within a microbial community based solely on its phylogenetic composition [88] . 
Composition, Structure and Dynamics of Foodassociated Microbial Populations
The pyrosequencing of tagged 16S rRNA gene amplicons of DNA and cDNA was first used to analyze the bacterial community structure and dynamics of ten samples of "bensaalga" pear millet slurry (a traditional African fermented product) [89] (Table 2) . This allowed 80.7% of the sequences to be attributed to a family and 70% to a genus, but did not permit identification of sequences at the species level. The amplification of large numbers of Archaea (4.8%) and chloroplast-related Eukarya (43%) sequences was rather surprising since bacteria-specific primers were used. Further, the number of sequences per sample varied widely (from 641 to 13,380), highlighting the under-representation of the diversity of some samples. With the exception of a few proteobacteria, almost all the bacterial sequences were attributed to cultivable bacteria. As expected, the sequences attributed to LAB genera were the most common (ben-saalga is made via lactic acid fermentation). Further, the results obtained from the analysis of cDNA revealed the same microbiome pattern, suggesting that the assignments made through the DNA analysis corresponded to living bacteria. Considerable diversity was found at the beginning of fermentation, whereas at the end only representatives of the Lactobacillaceae (Pediococcus and Lactobacillus), Leuconostocaceae and Enterococcaceae were found. Nevertheless, differences in community dynamics were seen between samples fermented spontaneously, those inoculated by backslopping (using a portion of a previous batch), and those inoculated with pure LAB cultures. Despite unspecific amplification and inaccurate identification, the authors concluded this NGS method to be very promising for the preliminary and/or rapid microbial characterization of food samples.
Next paragraphs summarize pioneering and representative works studying the microbiota of different foods and food fermentation by NGS approaches.
Microbial Fingerprinting of Plant-derived Fermentations
The bacterial community of "meju", a Korean, soybeanderived, fermented product, was characterized in one of the first food microbial ecology studies involving NGS [90] . Meju is similar to the Japanese "natto" and "miso", and to the Indonesian "tempeh", and is the basis of many Asian products in which fermented soybean pastes are mixed with seasonings, vegetables and rice, e.g., "cheonggukjang" [91] , "doenjang" [92] , and "kochjang" [93] . The microbial populations of all these products have now been examined using NGS techniques. Bacillus spp. (B. subtilis, B. licheniformis,  B . amyloliquefaciens, and others) seemed to be dominant throughout fermentation, followed by Enterococcus spp. (E. faecium, E. faecalis), Lactobacillus spp., and species of other LAB genera (Leuconostoc, Weissella, Tetragenococcus). However, the actual majority species varied widely between samples, and sometimes the number of LAB reads surpassed that of the bacilli [91] [92] [93] . Most of the bacterial species had been identified in these products by culture and cultureindependent techniques. However, notable discrepancies have been noted between the results obtained by these methods and those provided by pyrosequencing [91] .
Another Korean product which has been actively investigated by pyrosequencing is "kimchi" [94, 95] , a fermented product that combines vegetables, fermented seafood products ("jeotgal"), seasonings, and a starchy-rich paste (rice, wheat). There are hundreds of kimchi varieties, depending on the region, local area, and the availability of seasonal ingredients. In ten types of kimchi, the succession of microbes was reported to follow a few general trends [94] . Together with some species of Proteobacteria (Pseudomonas, Enterobacter), pyrosequencing showed that Leuconostoc spp. and Weissella spp. dominate the early stages of fermentation, while Lactobacillus spp. are dominant at the end [94] .
The archaeal and bacterial communities of seven types of jeotgal -as mentioned above, an ingredient of "kimchi", but also used as a side dish -have also been analyzed by pyrosequencing [47] . Since the raw ingredients are mixed with large amounts of salt, several members of the family Halobacteriaceae (of the archaeal phylum Euryarchaeota), such as Halorubum and Halalkalicoccus, were commonly detected in most samples. Lactobacillus and Weissella reads in similar proportions made up the majority bacteria, although Gammaproteobacteria belonging to the genus Salinivibrio were predominant in one sample. The authors concluded pyrosequencing to have revealed new phylotypes of both bacteria and archaea that were not detected by DGGE.
Pyrosequencing of both rDNA-and cDNA-derived amplicons has been used to study the microbial ecology of Spanishstyle and Greek-style fermented table olives [40] . In this work, the olive surfaces and brines (8-12% NaCl) were sampled independently. Greek-style fermentation involves natural, untreated olives that are directly brined after picking; Spanishstyle fermentation includes a previous washing step of the fruits with a dilute NaOH (2-3%) solution. This reduces bitterness through the degradation of oleuropein and polyphenols, and softens the olive pericarp increasing its permeability. The bacterial compositions revealed throughout fermentation by DNA and cDNA analyses were very similar, suggesting that microorganisms were all alive and active. The initial stages of both the Greek and Spanish fermentations were characterized by large numbers of halophilic bacteria (Chromohalobacter and Halomonas accounting for 50-60% of the total reads), while at the end of the fermentation (90 days), Lactobacillus species surpassed all other microorganisms. The Spanish-style fermentation was associated with larger numbers of Enterobacteriaceae, such as Enterobacter, Citrobacter, Escherichia and Klebsiella. These differences may account for the distinctive safety and preservation properties of these two forms of fermented olives. rDNA pyrosequencing has been used to examine the bacterial ecology of rye and wheat sourdough fermentations [51] . With the exception of the Enterobacteriaceae, all other flour-associated contaminants were shown to be completely inhibited during sourdough propagation. Rye sourdough fermentation was dominated by Weissella spp., the dominant bacteria in rye flour. In contrast, in wheat sourdoughs, Lactobacillus sakei, Leuconostoc spp., Weissella spp. and Lactococcus lactis, fluctuated as the majority species. The rye and wheat flour types initially showed distinctive microbiota, but over fermentation their complexity was rapidly simplified and a core microbiota composed mainly of LAB was seen in both sourdough fermentations. nr, not reported.
na, not applicable.
Microbiology of Milk and Fermented Dairy Products
The pyrosequencing of rDNA amplicons has been used to examine the microbiome of cow milk, with particular interest shown in identifying the microbial types involved in mastitis [96] . In most samples, the mastitis-causing pathogens identified by culturing (Escherichia coli, Klebsiella spp., Trueperella pyogenes, Streptococcus uberis, Staphylcoccus aureus) were among the most common detected by pyrosequencing. However, rDNA sequences of bacterial pathogens not previously associated with mastitis, as well as of bacteria never described as pathogens, were occasionally detected.
The communities in kefir grains and kefir beverages of different origin have also been studied by the pyrosequencing of rDNA amplicons [49, 97] . As expected, the dominant microorganisms detected by culturing were also identified by pyrosequencing; these included Lactobacillus kefiranofaciens, Lactobacillus kefiri, Lactobacillus parakefiri, Lactobacillus buchneri, and others. Pyrosequencing also revealed minor bacterial constituents such as species of Acetobacter and Lactococcus [49, 97] . This technique further confirmed and that the microbiota of the beverage is distinct to that of the grains [97] .
Pyrosequencing has also been used to study the diversity and dynamics of bacterial populations present during the manufacture and ripening of traditional cheeses, including Danish raw milk cheeses [98] , the Polish cheese Oscypek [99] , artisanal Irish cheeses [100] , Latin-style cheeses [101] , and water buffalo Mozzarella [102] (Table 2 ). Different LAB species were shown dominant in all cheeses and at all stages of production, the actual types depending on the cheese technology employed and/or the use (or not) of starter cultures. Several bacterial types never before reported in traditional and artisanal cheeses were identified by pyrosequencing, including Bifidobacterium spp. in Oscypek [99] , Faecalibacterium, Prevotella, and Helcococcus in Irish cheeses [100] , and Exiguobacterium in Latin-style cheeses [101] . The importance of these and other minority populations on the sensory profiles of these cheeses and/or their safety remains uncertain.
The characterization of the diversity of thermophilic bacteria in milk following pasteurization and culturing at 42ºC for 24 h has also been examined by the pyrosequencing of rDNA amplicons [50] . Compared to raw milk, in which mesophilic LAB species were the majority, reads of Streptococcus thermophilus accounted for about 99% of the se-quences found. The 4% and 0.1% of Vibrio spp. reads returned by the raw and treated milk, respectively, was not explained [50] . Vibrionaceae read sequences have recently been associated with the new species Vibrio casei [103] , which was originally isolated from a French, washed-rind cheese [104] . Small numbers of DNA sequences assigned to species never before isolated from milk or dairy products were also noticed, including Geobacillus toebii and Methylobacterium populi; these may have been environmental contaminants.
Composition and Succession of Meat-associated Microbiota
Community profiling via rDNA pyrosequencing has been used in a meat system to evaluate microbial diversity shifts during storage under different conditions [105] . As expected, the meat microbiota was significantly affected by the storage conditions. The growth of Enterobacteriaceae and Pseudomonas spp. was inhibited in modified atmosphere conditions, at least during the first three weeks of storage. Vacuum packaging in nisin-containing bags reduced the growth of Brochothrix thermosphacta, a major meat-spoiling organism. Pyrosequencing further revealed complex shifts in most microbial populations; this might have a negative influence on meat quality. The microbial data correlated well with the volatile and non-volatile microbial metabolites produced during storage and detected by gas chromatography (SPME-GC-MS) and proton nuclear magnetic resonance ( 1 H NMR). Combination of NGS with the analysis of microbial metabolites (metabolomics) would further contribute to characterize beneficial and detrimental activities of the microorganisms in food ecosystems.
Spatial and Temporal Distribution of Microbial Populations
Bokulich et al. [106] used the Illumina platform technology to study the bacteria and fungi colonizing the surfaces of a pilot plant winery and its manufacturing tools before, during and after harvest over two seasons ( Table 2) . Under normal conditions, the winery surfaces harbored seasonally fluctuating populations of both types of microorganism. Community composition was also dependent on the production context of each sampling site, and was shaped by the technological practices used and the processing stage. Interestingly, S. cerevisiae and other beneficial fermentationrelated yeast were detected on the surfaces prior to harvest, while spoilage-related microbes were undetected or detected only at low levels.
In a similar study involving the same technology, the manufacturing and ripening areas of two artisanal cheese factories were analyzed for bacterial and fungal populations [103] . The Illumina technology was used to track the microbiome dwelling in the cheemaking facility and study its influence on the cheese microbiota [103] . Milk fermentationassociated microbes dominated most of the surfaces, among which Debaryomyces and Lactococcus were the dominant eukaryotic and prokaryotic organisms, respectively. The establishment of these organisms on processing surfaces may play a pivotal role in their transfer between sequential fermentations. Interestingly, similar microbial communities occupied the same surface types, again suggesting the strong selection of microbes on the basis of production technology and stage [103] . Facility-specific microorganisms were also detected, which might influence the sensorial properties of the cheeses they produce.
Shotgun Metagenomics
Analysis of total DNA allows the simultaneous monitoring of bacterial populations and their metabolic potential. In addition, whole DNA sequencing enables a vast array of microbial genes to be identified and annotated, including novel genes and operons.
Pyrosequencing of total microbial DNA from the milk of healthy cows, and that from cows with clinical and subclinical mastitis, has recently been undertaken [71, 107] (Table  2) , and significant differences in their microbial compositions reported. Kuen et al. [71] associated healthy samples with larger proportions of Pseudomonas, Psychrobacter, and Raldstonia reads, while in the mastitis samples reads of Brevundimonas, Burkholderia, Sphingomonas and Strenotrophomonas were found in greater abundance. Based on these results the authors proposed that some cases of mastitis may be produced by a mixture of microbes rather than a single pathogen. Similar results (although involving different microbial species) were obtained by Bhatt et al. [107] . In the latter study, large numbers of viral sequences, together with sequences of the hosts species S. aureus, E. coli and Enterobacter and Yersinia species, were found. The authors speculated that phages might be involved in providing the milk 'natural resistance' against pathogens [107] .
The first NGS-based metagenomic study of total DNA from a traditional fermented food was performed on kimchi [95] ( Table 2) . Assignment of metagenomic sequences to functional gene categories revealed that kimchi fermentation was mostly accomplished by heterofermentative LAB species, as reported previously by targeted metagenomic studies [94] . Analysis of rDNA sequences among the pyrosequencing reads showed that Leuconostoc, Lactobacillus, Weissella and Enterococcus were dominant throughout fermentation. Surprisingly, when the metagenomic reads were mapped onto the database of complete genomes, the two most often recruited genomes were those of Leuconostoc mesenteroides and Lb. sakei. However, the metagenome sequences poorly matched the genomes of Leuconostoc kimchi, a species isolated from this product, and Weissella paramesenteroides, a species that the analysis of rDNA libraries had suggested was dominant throughout fermentation [33] . Similar results were obtained by assembling the pyrosequencing reads into contigs and comparing them against the GenBank nonredundant nucleotide database. Most contigs shared a nucleotide similarity of >97% to the Leuc. mesenteroides and Lb. sakei genomes. It is noteworthy that a large number of kimchi metagenomic contigs were classified as belonging to bacteriophage DNA, suggesting that a high proportion of bacterial cells either contained integrated prophages or were infected with them [108] . Viral metagenomics could help us understand the ecological role of viruses in the bacterial dynamics of food environments [108, 109] .
Pyrosequencing has also been used to compare the composition and diversity of microbial communities in marinated and unmarinated broiler fillets [110] . Bacterial diversity and succession was analyzed by the sequencing of rDNA amplicons and then later by shotgun metagenomics. Smaller populations of Carnobacterium, Vagococcus, Brochothrix, Clostridium, Enterobacteriaceae and Vibrio were found in marinated meat compared to the unmarinated fillets [110] . Vagococcus and Vibrio, the predominant communities in the unmarinated samples, had never before been associated with the shelf-life of meat. In addition, increased proportions of LAB species belonging to the Lactobacillaceae and Leuconostocaceae families were encountered in the marinated samples. According to the functional analysis of the metagenomes, over-represented genes in the unmarinated strips were shown to be specific to Gram-negative bacteria. The differences in the genes between the marinated and unmarinated samples were thought to be due to the different phylogenetic composition of the bacterial communities. The authors concluded that marinating extended both the self-life and sensorial properties of broiler meat by delaying the growth of spoilage microorganisms.
A further shotgun metagenomic DNA study involving pyrosequencing was conducted to identify the prokaryotic and eukaryotic microorganisms involved in cocoa bean fermentation [111] . To determine the best computational approach for estimating the microbial diversity, taxonomic profiling was performed using both similarity-based and composition-based methods involving a vast array of taxonomic profiling tools. Overall, greater community diversity was detected by pyrosequencing than by culturing and previously-used culture-independent methods. The members of the family Lactobacillaceae were found to be the most abundant, with Lactobacillus the dominant genus. Subdominant populations of -Proteobacteria belonging to the genus Escherichia were also recorded. As in other food fermentations, a moderate proportion (0.25% of the total) of viral reads was encountered. Most phage sequences were assigned to those of Lactobacillus and enterobacteria, supporting the idea that an interaction exists between bacterial hosts and viral communities [111] . Metagenomic analysis indicated the most abundant yeast to be Hanseniaspora uvarum, followed by Hanseniaspora opuntiae and S. cerevisiae -species that have been commonly associated with cocoa bean fermentation. Other fungal species were also detected, including some which had never before been associated with cocoa fermentation.
COMBINATION OF NGS TECHNIQUES
In a recent study, NGS techniques were used in genomic and metagenomic studies to characterize a complex, undefined cheese starter culture for Gouda cheese with a long history of industrial use [109] . Analysis of rDNA sequences revealed the dominance of Lc. lactis (99%) and a minor population of Leuc. mesenteroides (1%). Culturing and typing techniques identified five genetic lineages of Lc. lactis subsp. cremoris, two of Lc. lactis subsp. lactis biovar diacetylactis, and one of Leuc. mesenteroides. Genome sequencing of all eight lineages allowed the contribution of individual strains to metagenomic data to be tracked during starter propagation and cheese manufacture. Lineage contribution was found to be in good agreement with the results obtained by culturing. Genome analysis was further used to reconstruct in silico metabolic maps, with which the authors evaluated complementary metabolic reactions that might contribute towards species and lineage maintenance. The superimposition of metabolic maps suggested thataminobutyric acid excreted by Lc. lactis during the acid stress response might serve as a substrate for succinate formation by Leuc. mesenteroides [109] . The presence of 1.15% phage-related DNA sequences in the metagenomic data was also reported. Using strains of Lc. lactis as indicators, three lytic phages, two of the P335 type and one of the P936 type, were isolated from the starter mixture. Surprisingly, the Lc. lactis strains showed wide variation in phage sensitivity within and between lineages. The stability and dynamics of the microbial community during backslopping propagation of this starter, and throughout cheese manufacture, strongly suggest phage resistance/susceptibility to be a key factor in the prevention of the loss of lineages as environmental conditions change. As in other ecosystems [112] , phage predation was proposed to ensure diversity by suppressing abundant strains ("kill the winner" theory) [109] , and thus stabilizing overall community functionality.
CONCLUSION AND FUTURE PROSPECTS
As in other fields of science, NGS techniques will ultimately revolutionize food microbiology. Pathogen detection, microbial profiling, genetic data mining, genotypephenotype linking, determining the fate of starters and pathogens over food manufacturing and ripening, and predicting product shelf life etc., will be the realm of these highthroughput technologies. In fact, the microbiology of most foods and food fermentations will shortly be revisited with the aid of one or more of these new techniques.
Thought valuable and promising as stated above, current NGS technologies sill suffer from shortcomings and limitations that must be overcome. Much progress needs to be made before reliable data of biological significance can be generated. Recent discoveries and ensuing work have revealed limitations and biases that were previously ignored. These and other drawbacks should be addressed in the new future to improve all NGS constrains that limit at present the interpretation of data in the complex microbial diversity and physiology of foods.
NGS in Food Microbiology
To date, much work has been devoted to testing these techniques in a variety of food and food fermentation ecosystems. They have been mostly used for descriptive purposes, e.g., in the discovery of novel, low abundance, taxonomic lineages. New genes and operons have already been associated with certain foods and food processes, and a vast panoply of new species has already been associated with some foods. Such knowledge will allow for the determination of critical microbial variables during food production and therefore help better control food quality and safety. Community structure and population dynamics could ultimately be used for maximizing and optimization of fermentation/maturation and/or preservation processes. However, the significance in terms of quality and safety of the huge diversity present in most food environments, and particularly in food fermentations, is not yet known. Nonetheless, NGS techniques could fuel subsequent knowledge on relationships between microbial diversity and sensorial and safety properties. Subdominant and minority populations, which have been shown to vary widely between producers and batches, could contribute to generate, specific key components of aroma and taste. In addition, the isolation of strains belonging to newly discovered taxa will ultimately allow their functional characterization and perhaps their future use as improved starters. Besides, the presence of unexpected microorganisms (contaminants) in products and/or processes can be related to quality (spoiling) and safety (pathogens) issues.
Further, the use of NGS in the testing of scientific hypotheses has now begun. Among others, challenges may include exploring the complex interactions taking place between species and strains in mixed fermentations, which are pivotal in the production of taste and aroma compounds, and development of metagenomic and pan-genomic metabolic models, which would allow systematic exploration of the capabilities of the complex microbial consortia in foods, ecosystems of a high practical relevance.
Improving Existing and Implementing New Technologies
Comparison of the results from different works, products and/or processes is difficult as nucleic acid extraction and purification methods employed are usually different, as are the amplification primer pairs in targeted metagenomics, the analysis of data through different software programs, and so on. Harmonization of the methodology in a near future would allow obtaining deeper insights and stronger conclusions on the microbial diversity in and community structure of foods and food-related environments, as well as the gene content and functionality.
Refining the existing sequencing technologies should allow the analysis of longer reads, thus permitting genetic identification at lower taxonomic level (which has more biological meaning). Increasing the length of reads to cover the whole of the 16S rRNA gene would undoubtedly improve identification of microbes. Indeed, identification at the species level continues to be crucial in order to obtain biologically-meaning data. It is not relevant whether there is Listeria spp. on a food, but whether this is Listeria monocytogenes and, more importantly, if it is alive or dead. Thus, both sequence length and sequencing accuracy become critical. Sequencing technologies currently under development will further increase phylogenetic accuracy. Metagenomic and metatranscriptomic approaches could then be used with confidence to assign sequences to specific species and/or strains and to track their growth in foods.
The short half-life of mRNAs actually allows a better view of the microbial activities, metabolic processes and trophic chains occurring within the food at any particular time during manufacture. Metatranscriptomic approaches have been used successfully to examine complex microbial ecosystems such as the rumen and soil, and have been suggested promising for studying food fermentations. Though enrichment of messenger RNA from bacteria is still a challenge, metatranscriptomics could provide a snapshot of the transcriptional profiles at the time of sampling that correspond to discrete populations within a complex microbial community. Application of this technique could be employed to understand the diversity of the microbial communities of foods and food fermentations and their potential activity and regulatory mechanisms on the food matrices.
Presumably sequencing cost reductions in the near future will fuel the development of more shotgun projects to the detriment of targeted sequencing, because beyond the phylogenetic data additional information on genes and gene functionality of the components of the microbial communities can be obtained.
Well-managed Databases and User-friendly Software Programs
Reads obtained by NGS techniques need to be converted into more user-friendly information that allows comparisons between samples. There is still a great room for improvement in both databases and software programs to manage the massive data obtained through NGS projects. Enlarged and well-kept databases would also help in accurately determining the phylogenetic position of sequence data. As compared to those of bacteria, of particular shortage is the absence in databases of comprehensive fungal gene sequences. In spite of their universal spread and active role in most food fermentations, populations of fungi (yeasts, moulds) have received until recently little attention if at all. New software programs linking phylogeny with function should further enable the direct assessment of community functionality, in an effort to relate microorganisms to the sensorial properties of foods.
Combination of "Omic" Technologies
Finally, combination of NGS with some other high throughput "omic" techniques (metabolomics, proteomics, glycomics, etc.) and system biology approaches. Correlation of data from all these techniques would help link microbial diversity in and evolution on foods with their beneficial and/or detrimental activities contributing to the overall quality of food products. Particularly, metabolomics is a critical omic, as, whether desirable or detrimental, microbial development results in an accumulation of microbial metabolites. The presence and amount of such molecules could aid linking microbes with sensorial attributes.
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